**Core tip:** To improve the response rates of patients with inflammatory bowel diseases to anti-tumor necrosis factor (TNF) therapy, it is mandatory to understand the pleiotropic effects of these agents. Herein, we overview and discuss several immunological targets of anti-TNF antibody application and highlight the most important findings.

INTRODUCTION
============

Inflammatory bowel diseases (IBD) are chronic inflammatory disorders mainly affecting the gut. The two main forms are Crohn's disease (CD) and ulcerative colitis (UC) that differ in several aspects, *e.g*. regarding the location and distribution of inflammation and in the mucosal cell populations involved in the immune reaction. CD is a segmental, transmural disorder that can affect the whole gastrointestinal tract and type 1 T helper cells have been associated to be involved in the pathogenesis\[[@B1]\]. In contrast, UC is characterized by continuous inflammation of the colon, and a modified Th2 cytokine profile has been described\[[@B2]\]. Additionally, the recently described Th17 cells have been reported to be present in both CD and UC\[[@B3]\]. However, the precise etiology of IBD is still a matter of debate but there is general consensus that genetic predisposition, environmental factors and immunological dysfunction of tolerance against the intestinal microflora are involved in the immunopathogenesis\[[@B4]\]. In this regard, mucosal CD4+ T cells as key mediators in driving immune responses are critically involved in the pathogenesis of IBD and in accordance, a high number of infiltrating T lymphocytes can be found in both CD and UC in the gut\[[@B5]\]. Furthermore, recent studies strongly suggest that the proinflammatory cytokine tumor necrosis factor (TNF) is one of the major pathogenic cytokines involved in the pathogenesis of IBD as elevated levels of TNF are present in the serum of both UC and CD patients\[[@B6]\]. In addition, an elevated number of TNF-secreting cells in the inflamed mucosa of IBD patients has been repeatedly reported\[[@B7]-[@B9]\]. Herein, lamina propria mononuclear cells (LPMCs) isolated from colonic biopsies from IBD patients spontaneously produced increased amounts of TNF which correlated with the degree of tissue involvement and mucosal inflammation\[[@B10]\], strengthening the importance of TNF in the inflamed gut.

In accordance, application of antibodies targeting TNF in IBD patients have been shown to induce clinical response in up to 60% of CD patients, and inducing long-term maintenance of remission in a large amount of patients\[[@B11]-[@B13]\]. Comparable results have also been described for the therapy of UC patients\[[@B14],[@B15]\]. Nevertheless, the molecular mechanism of action of TNF agents is still discussed and not all commercially available anti-TNF antagonists are effective in the therapy of IBD patients. Regarding the mechanism of action, TNF neutralization, diverse effects on the immune system, outside-to-inside signaling and importantly, induction of direct or indirect apoptosis have been suggested. Furthermore, first studies focusing on successful prediction of clinical response have been conducted, either *via* expression of various biomarkers\[[@B16],[@B17]\] or by endoscopic *in vivo* molecular imaging\[[@B18]\]. In this review, TNF biology and different anti-TNF antibodies will be assessed, and the results of different aspects of the biological function of anti-TNF agents for the treatment of IBD will be discussed.

TNF BIOLOGY AND ITS SIGNALING PATHWAY
=====================================

TNF is a crucial mediator in driving inflammatory processes in the gut. It is produced by a variety of mucosal cells, mainly macrophages and T cells, as a preform on the plasma membrane\[[@B19]\]. In addition, Paneth cells in CD affected segments of the terminal ileum were shown to strongly express *TNF* RNA in contrast to Paneth cells in normal tissue, indicating an induction under pathogenic conditions\[[@B20]\]. The transmembrane precursor form (mTNF), a homotrimer of 26 kDa subunits, is cleaved by the matrixmetalloproteinase TNF alpha converting enzyme (TACE/Adam17) into a soluble form (sTNF, a homotrimer of 17 kDa monomers)\[[@B21]-[@B23]\]. The expression of mTNF by CD14+ macrophages has been reported to be relevant in IBD\[[@B24]\] (Figure [1](#F1){ref-type="fig"}).

![Expression of membrane-bound tumor necrosis factor in the gut. Gut tissue of patients with Crohn's disease (CD) was cryo-frozen and stained for cell markers by immunofluorescence. Nuclei were counterstained with DAPI. A: Staining for mTNF (green). B: Staining for mTNF (green) and CD14 (red). Co-expressing cells are labeled with an arrow.](WJG-22-9300-g001){#F1}

Both forms of TNF are biologically active and signal through two distinct receptors that differ in molecule mass: the 55-kDa TNFR1 (TNFRSF1A/CD120a) and the 75-kDa TNFR2 (TNFRSF1B/CD120b) glycoproteins\[[@B25]\]. TNFR2 is mainly expressed on lymphocytes and endothelial cells, whereas TNFR1 is ubiquitously expressed and possesses an intracellular death domain\[[@B26]\]. TNF and its receptors are crucially involved in the pathogenesis of IBD. For example, elevated levels of the soluble form of TNFR1 and TNFR2 have been detected in both CD and UC patients and their expression correlated with disease activity\[[@B27]\].

Signal transduction of the membrane-bound form of TNF can be transmitted through both TNFR1 and TNFR2, whereas sTNF mainly signals through TNFR1. Binding affinity studies revealed that sTNF preferentially binds to TNFR1 with higher affinity\[[@B28]\]. In contrast, TNFR2 is mainly activated by mTNF\[[@B29]\]. Activation of TNFR1 by TNF induces an intracellular signaling cascade with pleiotropic effects involving apoptosis, cell proliferation or cytokine secretion. Activation of the nuclear factor kappa B (NFκB) following stimulation of TNFR1 results in translocation to the nucleus and transcriptional upregulation of several genes such as IL-8, IL-1, IL-6, COX2 and TNF\[[@B21]\]. Alternatively, TNFR1 can activate a Caspase-8 dependent signaling pathway *via* FADD resulting in apoptosis. The TNFR2 pathway does not contain a death domain and its stimulation can result in proliferation, migration and cytokine production such as IL-1 and IL-6. Furthermore, binding of mTNF to TNFR2 not only activates an intracellular signaling pathway, but can also result in reverse signaling within the TNF-expressing cell\[[@B30]\] which will be later discussed in detail.

The role of the receptors of TNF in the pathogenesis of IBD remains only partly understood. A study using a colitis mouse model suggests that both TNFR1 and TNFR2 have protective functions in intestinal inflammation\[[@B31]\]. Herein, intestinal inflammation was provoked by oral application of dextran sulfate in mice deficient for TNFR1 or TNFR2 as well as wildtype controls. TNFR1 or TNFR2 ablation resulted in exacerbation of colitis, possibly due to increased apoptosis of colonic epithelial cells\[[@B31]\]. However, in other studies a central role of TNFR2 in mucosal inflammation has been proposed. For example, mutations in the gene of TNFR2 have been linked with IBD\[[@B32],[@B33]\], suggesting that this polymorphism could increase the disease risk. In accordance, its overexpression drives inflammation in a transgenic mouse stain overexpressing human TNFR2, causing a severe multiorgan inflammatory syndrome mainly affecting liver, pancreas, kidney and lung\[[@B34]\]. Regarding IBD, TNFR2 expression was found to be upregulated on lamina propria and peripheral blood T cells in patients with CD\[[@B35]\]. In accordance, TNFR2 was found to promote experimental colitis. Herein, T cells overexpressing TNFR2 were transferred into SCID mice that do not express T and B cells. In comparison to SCID mice that received wildtype T cells, transfer of T cells overexpressing TNFR2 resulted in more severe colitis and enhanced expression of T helper cells type 1\[[@B35]\], underlining the importance of TNFR2 in intestinal inflammation. It could moreover be shown that activation of mucosal TNFR2 expressing CD4+ T cells by mTNF expressing CD14+ led to heightened resistance of the intestinal lymphocytes to apoptosis, resulting in perpetuation of chronic intestinal inflammation in IBD\[[@B24]\].

STRUCTURE AND APPLICATION OF ANTI-TNF ANTIBODIES
================================================

Infliximab
----------

In 1998, infliximab (Remicade^®^) was the first antibody targeting TNF to be approved in the United States for the treatment of CD and later for the treatment of UC. It is a chimeric monoclonal antibody with 25% murine and 75% human sequences. Infliximab therapy is intravenously initiated at weeks 0, 2 and 6 and then applied every 8 wk for maintenance of remission. The starting concentration for both CD and UC is 5 mg/kg\[[@B6]\].

CT-P13
------

The infliximab biosimilar CT-P13 (Remsima^®^, Inflectra^®^) was approved in Europe for the treatment of both CD and UC based on a comprehensive non-clinical comparability exercise and extrapolation of clinical data from two studies with rheumatoid arthritis patients. The biosimilar product is highly similar to its originator biological drug infliximab and is therefore clinically used in the same way.

Adalimumab
----------

In contrast to infliximab, adalimumab (Humira^®^) is a monoclonal human antibody produced by CHO cells. It is approved for the treatment of both CD and UC. Adalimumab is administered subcutaneously and can be injected by the patient himself. At therapy initiation, adalimumab is administered at 160 mg and then 80 mg two weeks later. For maintenance of remission adalimumab is administered every 2 wk at 40 mg.

Golimumab
---------

In 2013 golimumab (Simponi^®^), a fully human monoclonal antibody was approved for the treatment of UC\[[@B36]\]. Like adalimumab, it is administered subcutaneously. The induction dose is 200 mg and then 100 mg two weeks later. Maintenance of remission is achieved by 50 mg (\< 80 kg body weight) and 100 mg (≥ 80 kg bodyweight) every 4 wk.

Certolizumab pegol
------------------

Certolizumab pegol (Cimzia^®^), a PEGylated humanized Fab' fragment is approved for the treatment of CD in the United States and Switzerland\[[@B37]\] but not by the European Medicines Agency. In contrast to the other anti-TNF antibodies, this agent does not possess a Fc fragment and correspondingly, is not recognized by Fc receptors. The subcutaneous administration is performed at week 0, 2 and 4 with 400 mg. For maintenance of remission, certolizumab pegol is given every 4 wk in a dose of 400 mg.

Etanercept
----------

Etanercept (Enbrel^®^) is a chimeric fusion protein that consists of the p75 part of TNFR2 and a human IgG1 Fc domain. Importantly, in combination with methotrexate, etanercept has similar efficacy in the therapy of rheumatoid arthritis as infliximab and adalimumab\[[@B38]\]. It nevertheless failed to be effective in a clinical study with CD patients, when 25 mg were subcutaneously applied twice per week\[[@B39]\]. Etanercept is therefore not approved for treatment of CD.

MECHANISM OF ACTION OF ANTI-TNF ANTIBODIES
==========================================

Although anti-TNF antibodies are approved for the therapy of IBD and other inflammatory diseases for many years, the mechanism of action is still a matter of debate. Initially, it was suggested that anti-TNF agents inactivate the proinflammatory cytokine TNF by direct neutralization, thus resulting in suppression of inflammation. Given the complexity of TNF signaling, a lot of studies indicate that anti-TNF antibodies exert more complex functions beyond simple blockade. Furthermore, functional characterization of etanercept and other anti-TNF agents can elucidate the signaling pathways that are important in IBD in contrast to other autoimmune diseases such as rheumatoid arthritis. In the following part we will list several described effects of anti-TNF antibody therapy that are suggested to be relevant in IBD (see also Figure [2](#F2){ref-type="fig"}).

![Mechanism of action of anti-tumor necrosis factor antibodies in inflammatory bowel disease. Schematic illustration of different modes of action of anti-TNF antibodies in inflammatory bowel diseases. TNF: Tumor necrosis factor; mTNF: Membrane-bound TNF; sTNF: Soluble TNF; TNFR: TNF receptor; NK cell: Natural killer cell; ADCC: Antibody-dependent cellular cytotoxicity; CD: Crohn's disease; CDC: Complement-dependent cytotoxicity; LPS: Lipopolysaccharide.](WJG-22-9300-g002){#F2}

TNF NEUTRALIZATION
==================

Although all anti-TNF agents have the same target, the affinity of the antibodies to TNF has been reported not to be equal. An overview of respective affinities and avidities of anti-TNF agents is given in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}. In TNF bioassays, infliximab, etanercept, adalimumab, certolizumab pegol and golimumab all neutralize sTNF\[[@B23]\]. However, using the method of surface plasmon resonance, golimumab was shown to bind to soluble TNF with a similar affinity as etanercept, but with greater affinity than infliximab and adalimumab, the later showing the weakest affinity in the used setting\[[@B40]\]. However, affinity of adalimumab and infliximab were reported to be similar although less compared to etanercept in another study\[[@B41]\]. Regarding avidity, etanercept was shown to bind to sTNF with a 10- to 20-fold greater avidity as compared to adalimumab or infliximab\[[@B41]\].

###### 

Comparison of affinity to tumor necrosis factor by anti-tumor necrosis factor agents

  **Target**       **Method /source**                                   **Affinity**                                **Ref**.
  ---------------- ---------------------------------------------------- ------------------------------------------- ----------
  sTNF             SPR                                                  GOL = ETA \> IFX \> ADA                     \[40\]
  sTNF             SPR                                                  ETA \> ADA = IFX                            \[41\]
  mTNF             mTNF-expressing cells (Sp2/0-11A5-1 myeloma cells)   IFX = ADA = ETA                             \[41\]
  mTNF             mTNF-expressing cells (K2 murine myeloma cells)      IFX = GOL \> ADA \> ETA                     \[40\]
  mTNF             PBMCs (T cells)                                      IFX = ADA \> Certo \>\> No binding of ETA   \[42\]
  Flow cytometry                                                                                                    
  mTNF             PBL                                                  IFX \>\> No binding of ETA                  \[43\]
  Flow cytometry                                                                                                    
  sTNF             Immunoassay                                          IFX \> ETA (rapid dissociation)             \[44\]

ADA: Adalimumab; ETA: Etanercept; GOL: Golimumab; IFX: Infliximab; Certo: Certolizumab pegol; PBL: peripheral blood lymphocytes; TNF: Tumor necrosis factor; mTNF: Membrane-bound TNF; sTNF: Soluble TNF; SPR: Surface plasmon resonance.

###### 

Comparison of avidity to tumor necrosis factor by anti-tumor necrosis factor agents

  **Target**                            **Method/source**   **Avidity**   **Ref**.
  ------------------------------------- ------------------- ------------- ----------
  sTNF                                  KinExA^®^           ETA \> ADA    \[41\]
  (automated flow immunoassay system)   IFX                               
  mTNF                                  \[44\]              IFX \> ETA    \[44\]

ADA: Adalimumab; ETA: Etanercept; IFX: Infliximab; TNF: Tumor necrosis factor; mTNF: Membrane-bound TNF; sTNF: Soluble TNF.

For mTNF, affinity of anti-TNF antibodies has been reported to be lower than to sTNF\[[@B40],[@B41]\]. Using mTNF-transfected cells, binding affinities of infliximab, adalimumab and etanercept were shown to be similar\[[@B41]\]. In contrast, affinities for golimumab and infliximab to another mTNF-expressing cell line were comparable and greater than that of adalimumab, whereas all three anti-TNF agents had significantly greater affinity than etanercept\[[@B40]\]. Furthermore, in other studies binding of etanercept to mTNF could not be detected, perhaps due to the fact that peripheral blood mononuclear cells (PBMCs) and not cell lines stably expressing mTNF were examined\[[@B42],[@B43]\], arising the question to what extent the binding of etanercept to mTNF expressing cell lines represents the situation *in vivo*. Furthermore and in discrepancy to the above mentioned study, etanercept was shown to form relatively unstable complexes with sTNF, resulting in fast release of dissociated TNF in contrast to infliximab that bound to both sTNF and mTNF by forming stable complexes with high stability\[[@B44]\]. However, interpretations of all presented data have to take into account the different cells, methods and techniques used for respective assessment of affinity, which could have a profound effect on the data obtained.

Importantly, another aspect is the variation of the different anti-TNF agents in regard to cross-linking towards mTNF. Herein, it has been reported that up to three infliximab molecules can bind to each TNF homotrimer. In contrast, etanercept was shown to bind to TNF trimer in a 1:1 ratio, suggesting that not all binding sides are blocked\[[@B44]\]. This aspect together with the fact that infliximab forms more stable complexes with mTNF\[[@B44]\] is a possible explanation why infliximab is effective in the therapy of IBD, whereas etanercept failed to show any clinical efficacy in a trial with Crohn's disease patients and is therefore not approved for IBD treatment. Recent findings indicate that the neutralization of mTNF rather than sTNF is crucial in the therapy of IBD. For example, in a mouse model of IBD the neutralization of sTNF alone was ineffective, in contrast to anti-TNF antibodies that block both sTNF and mTNF, indicating that neutralization of mTNF is crucial in the therapy of IBD\[[@B45]\]. The pivotal role of mTNF was further demonstrated in an experimental colitis model by transferring CD4+ T cells into RAG2 deficient mice\[[@B46]\]. Herein, by transferring TNF mutant T cells, disease activity was compared in absence of TNF, in absence of sTNF and in presence of both sTNF and mTNF. Whereas the expression of TNF was essential for the induction of colitis, the absence of sTNF did not protect the mice from intestinal inflammation\[[@B46]\], clearly underlining the pathogenic role of mTNF in the pathogenesis of mucosal inflammation in the intestine.

MODULATION OF THE IMMUNE SYSTEM
===============================

Cytokines
---------

Cytokines as mediators of inflammation are in imbalance in IBD. On the one hand proinflammatory cytokine levels such as TNF, IL-13, IL-17 or IFN-γ\[[@B1]-[@B3],[@B6]\] are elevated and drive the massive tissue damage in the gut. On the other hand, anti-inflammatory cytokines that usually regulate overwhelming immune reactions are supposed to be also involved in the pathogenesis of IBD. For example, mice deficient of IL-10 spontaneously develop a chronic intestinal inflammation, which is dependent on the influence of the microflora\[[@B47]\]. Interestingly, the enterocolitis exacerbates in mice deficient for both IL-10 and TNF, indicating that TNF has some protective effects in this context\[[@B48]\]. Crucial mediators of inflammation in the gut are neutrophils and granulocytes that accumulate in inflamed areas and secrete proinflammatory cytokines, chemokines and recruit effector cells to the side of inflammation. In this setting, Agnholt et al\[[@B49]\] reported that GM-CSF, a growth factor for granulocytes and neutrophils, was decreased in CD patients after application of infliximab. In accordance, also reduced peripheral blood neutrophils and diminished infiltration of polymorphonuclear cells in the lamina propria were observed after anti-TNF application. Furthermore, *in vitro* experiments using an intestinal T cell culture system showed that GM-CSF secretion by T cells was inhibited by infliximab, suggesting direct effects of infliximab on T cells. Apart from GM-CSF, the release of the proinflammatory cytokine IL-1 beta after stimulation of human monocytes with lipopolysaccharide (LPS) was inhibited by anti-TNF agents. Herein, certolizumab pegol was the most potent inhibitor. Infliximab and adalimumab were also able to inhibit IL-1 beta release at higher concentrations whereas etanercept only partially prevented IL-1 beta release\[[@B50]\]. Furthermore, *in vitro* analysis using PBMCs from patients with UC showed that incubation of the cells with infliximab inhibited secretion of the proinflammatory cytokines IFN-γ, IL-13, IL-17A and TNF\[[@B51]\], cytokines reported to be critically involved in the pathogenesis of IBD. In addition, infliximab reduced the expression of TNF, IL-1, IL-6 and IL-8 by LPS-stimulated monocytes *in vitro*\[[@B21],[@B52]\]. In addition, the key Th1 cytokine IL-12 and the anti-inflammatory cytokine IL-10 were described to be affected by anti-TNF antibodies. Monocytes that were isolated from blood of healthy controls or CD patients expressed less IL-10 or IL-12 when they were incubated in the presence of adalimumab or infliximab, whereas etanercept had no effect in this setting\[[@B53]\].

Interestingly, a recent study analysed the regulation of 14169 different genes by anti-TNF antibodies and compared the changes in anti-TNF responders versus non-responders. Intestinal biopsies from CD patients were used and compared to controls\[[@B54]\]. They identified some genes that were regulated by anti-TNF treatment, such as IL-6, CD69, GPR183 and MMP9. Interestingly, the proinflammatory cytokine IL-6 was downregulated by anti-TNF agents but independently of clinical response to therapy. Of note, IL-1 beta and IL-17A were found to be significantly upregulated in patients with active CD and patients refractory to anti-TNF, in accordance with an enhanced Th17 cell population in IBD\[[@B3]\], thereby representing possible targets in anti-TNF refractory patients. In contrast to this study, Katz *el al*\[[@B55]\] found IL-17 levels not to be affected by anti-TNF therapy in CD patients but showed IL-2 to be significantly decreased during anti-TNF therapy. These contradictory findings may reflect biological differences between gene expression and protein expression.

T helper cell subsets
---------------------

T cells are critically involved in the pathogenesis of IBD and therefore, modulation of immune responses by influencing the presence of T helper cell subsets is suggested to be an important effect of anti-TNF agents. Response and clinical remission could be the result of either a reduction in proinflammatory T cell subsets such as Th1, Th2 or Th17 cells or an enhanced presence of anti-inflammatory T helper cells, or both. In this regard, several studies investigated the number of pro- and anti-inflammatory T helper cell subsets before and after anti-TNF therapy. The influence of infliximab *in vitro* on isolated T cells from the peripheral blood of UC patients was examined by Dahlén et al\[[@B51]\]. The T cell activation marker CD25 was reduced on both CD4+ and CD8+ blood T cells and their proliferation was inhibited after incubation with infliximab. In accordance, the levels of proinflammatory cytokines such as IFN-γ, IL-13, IL-17A, TNF and granzyme A were inhibited. The authors also investigated effects of infliximab on regulatory T cell populations; however, the results regarding CD4+ Foxp3+ T cells were ambiguous\[[@B51]\]. Importantly, effects of infliximab on blood or mucosal T cells were shown not to be identical. Herein, Li et al\[[@B56]\] described that infliximab therapy resulted in an increase in CD4+CD25+Foxp3+ and CD4+CD25-Foxp3+ regulatory T cell populations in the blood of both UC and CD patients; in contrast, *Foxp3* mRNA and protein were downregulated in the mucosa, possibly reflecting increased apoptosis rates or downregulated T cell activation in the intestine during therapy. Other studies described general reduction of T cells in the mucosa after infliximab therapy for both CD\[[@B57]\] and UC patients\[[@B58]\]. A direct effect of adalimumab on T cell populations could be elegantly demonstrated by Maggi et al\[[@B59]\]. Local injection of adalimumab along perianal fistulas in CD patients resulted in decrease of infiltrating CD4+ CD161+ T cells whereas no systemic effects on circulating T cells could be detected\[[@B59]\].

In addition, infliximab has been shown not only to suppress CD4 T cell activation, but also to downregulate IL-21 expression by mucosal CD4+ T cells and consequently, inhibit Th17 differentiation. Using intestinal biopsies of CD patients before and after infliximab therapy, the authors could clearly show that intestinal mucosal healing during therapy was due to down-regulation of mucosal infiltration of the highly proinflammatory Th17 cells through diminished IL-21 expression, a cytokine that is pivotal to Th17 cell differentiation\[[@B60]\]. In summary, these studies clearly indicate that effects of anti-TNF antibodies on T cells are complex and differ between peripheral and mucosal T cells, as well as *in vivo* and *in vitro*.

Epithelial cells, angiogenesis and immunosuppressive macrophages
----------------------------------------------------------------

In addition to shifts in cell populations, effects of anti-TNF antibodies on the epithelial barrier function have been also examined. For example, adalimumab has been shown to prevent barrier dysfunction induced by TNF *in vitro* using the intestinal epithelial cell lines Caco-2 and T-84\[[@B61]\]. Furthermore, a role of infliximab in restoring epithelial barrier dysfunction in CD has been described. Herein, downregulation of epithelial apoptosis was noticed in 10 of 11 patients undergoing therapy with infliximab\[[@B62]\]. Additionally, effects of anti-TNF antibodies on the mucosal microcirculation have been reported. In this context, infliximab was shown to downregulate CD40 expression by intestinal microvessels *in vivo* in the mucosa of CD patients on the one hand and to reduce the levels of sCD40L in the circulation on the other hand, indicating an inhibition of vascular inflammation in the gut\[[@B63]\]. In addition, infliximab downregulated mucosal angiogenesis in CD patients\[[@B64]\]. A direct effect of infliximab on myofibroblasts has been described by Di Sabatino et al\[[@B65]\]. Myofibroblasts isolated from CD patients expressed more mTNF than control myofibroblasts and infliximab significantly augmented the migration ability from CD myofibroblasts in a tissue inhibitor of metalloproteinases (TIMP)-1-dependent manner, suggesting another mode-of-action of anti-TNF antibodies that results in enhanced mucosal healing. However, the TIMP-1 production was also increased by adalimumab and etanercept, so it is still unclear if this effect is relevant for induction of clinical remission in CD. Interestingly, the induction of immunosuppressive macrophages has been suggested as mechanism of action of anti-TNF antibodies\[[@B42]\]. Therefore, the influence of infliximab, adalimumab, certolizumab pegol and etanercept was investigated in PBMCs from healthy controls. The T cell proliferation was diminished by infliximab and adalimumab in a mixed lymphocyte reaction, whereas certolizumab pegol and etanercept had no effect. The inhibition of proliferation was driven by immunosuppressive CD14+ macrophages that secreted large amounts of the anti-inflammatory cytokine IL-10 and were activated by the Fc region of the antibodies\[[@B42]\]. The same group later showed that regulatory macrophages were induced in IBD patients with mucosal healing upon infliximab treatment and functionally, these macrophages had the ability to induce wound healing *in vitro*\[[@B66]\].

In summary, several effects of anti-TNF antibodies on the immune system have been described. The reduction of proinflammatory T cell subsets on the one hand and the induction of regulatory T cells on the other hand clearly contributes to resolution of inflammation. In addition, the induction of regulatory macrophages\[[@B42]\] and effects on mucosal healing\[[@B61],[@B62],[@B65]\] have been suggested.

OUTSIDE-TO-INSIDE SIGNALLING
============================

As mentioned before, activation of the membrane-bound form of TNF can result in bidirectional signalling. The function of mTNF not only as a ligand but also as a receptor is called "outside-to-inside signal" or reverse signalling. Reverse signalling by mTNF on monocytes/macrophages confers resistance to bacterial LPS\[[@B67]\], suggesting that this pathway represents a silencing signal. A very recent paper demonstrated that the immune-suppressive effect of mTNF following LPS stimulation in macrophages was mediated by TGF-β *via* activation of the MAPK kinase, interestingly this effect was mediated by infliximab and golimumab whereas etanercept failed to induce TGF-β in human macrophages\[[@B68]\]. Functional studies showed that LPS resistance downstream of mTNF is mediated through protein kinase-C dependent and independent pathways in monocytic cells\[[@B67]\]. In addition, enhanced secretion of IL-2 and IFN-γ\[[@B69]\] and an upregulation of E-selectin in T cells have been reported\[[@B70]\]. Furthermore, apoptosis induction as consequence of reverse signalling has also been proposed in CD patients\[[@B43],[@B71]\]. A study by Mitoma et al\[[@B72]\] shed light on the reverse signalling pathway induced by infliximab and etanercept. Herein, human Jurkat T cells were stably transfected with a wild-type and a mutant form of mTNF. E-selectin expression was induced by both agents, but only infliximab induced the expression of the anti-inflammatory cytokine IL-10, activation of ROS accumulation and apoptosis by upregulation of Bax and Bak\[[@B72]\]. Interestingly, their finding that infliximab further induced G0/G1 cell cycle arrest elucidated another mechanism of action of anti-TNF antibodies. Later the induction of cell cycle arrest was shown to be mediated by adalimumab as well\[[@B73]\]. In the context of reverse signalling, a downregulation of the growth and differentiation factor-1 (GDF-1) mediated by infliximab and certolizumab pegol has been described\[[@B74]\]. Using gene expression assays, GDF-1 was found to be upregulated in inflamed tissue from CD patients, and downregulated after infliximab treatment in clinical responders. Furthermore, GDF-1 was shown to act as proinflammatory mediator by IL-6 and STAT-3 induction\[[@B74]\], indicating that a down-regulation of proinflammatory effectors can also be a consequence of reverse signalling by anti-TNF agents in contrast to immune-suppressive effects.

APOPTOSIS
=========

The programmed cell death of immune cells is a fundamental mechanism of resolution of inflammation. Apoptosis induction by anti-TNF antibodies has therefore been addressed by several groups. The induction of apoptosis can either be direct or indirect as side effect of TNF signaling. Furthermore, apoptosis can be induced by the Fc region of anti-TNF antibodies involving the complement or natural killer cells or can be a consequence of the activation of TNF itself by antibody binding. An overview of the apoptosis inducing capabilities of the different anti-TNF antibodies is given in Table [3](#T3){ref-type="table"}.

###### 

Mechanism of action of anti-tumor necrosis factor agents

  **Agent**              **Cell type**                                                                                 **Mechanism of action**                                       **Ref**.
  ---------------------- --------------------------------------------------------------------------------------------- ------------------------------------------------------------- ----------
  ADA                    CHO cell line stably expressing mTNF cocultured with human PBMCs                              Induction of ADCC                                             \[75\]
  ADA                    CHO cell line stably expressing mTNF with human normal serum                                  Induction of CDC                                              \[75\]
  IFX, ADA, ETA, Certo   TNF6.5 cells (murine NSO cell line stably expressing human TNF) with baby rabbit complement   CDC: IFX, ADA, ETA ++; Certo -                                \[50\]
  IFX, ADA, ETA, Certo   TNF6.5 cells in coculture with CD14-depleted PBMCs                                            ADCC: IFX, ADA ++, ETA+, Certo -                              \[50\]
  IFX, ADA, ETA, Certo   Peripheral blood lymphocytes                                                                  Apoptosis: IFX, ADA ++; ETA+, Certo -                         \[50\]
  IFX, ADA, ETA, Certo   Peripheral blood monocytes                                                                    Apoptosis: IFX, ADA ++; ETA+, Certo -                         \[50\]
  IFX, ADA               mTNF transfected cell line (SP2/0-11A5-1, murine)                                             Induction of CDC                                              \[41\]
  IFX, ADA               Activated human PBMCs                                                                         No induction of CDC                                           \[41\]
  GOL, ADA, IFX, Certo   mTNF expressing Jurkat cells with PBMCs/human serum                                           ADCC, CDC: GOL, ADA, IFX ++; ETA+, Certo-                     \[77\]
  ADA, IFX, GOL, Certo   mTNF expressing Jurkat cells                                                                  Apoptosis: ADA, IFX ++,                                       \[77\]
  GOL+, Certo+                                                                                                                                                                       
  ADA, IFX, ETA          cultured monocytes                                                                            Caspase-dependent apoptosis: ADA, IFX ++; ETA -               \[53\]
  IFX, ETA               Peripheral blood lymphocytes and lamina propria T cells                                       Caspase-3 activation and apoptosis: IFX +; ETA -              \[43\]
  ADA, IFX, ETA, Certo   Intestinal CD4/CD14 cells from IBD patients                                                   Apoptosis by targeting mTNF/TNFR2: ADA, IFX, Certo +; ETA -   \[24\]

Apoptosis induction of anti-TNF agents. ++: Strong effect; +: Effect visible; -: No effect; ADA: Adalimumab; ETA: Etanercept; IFX: Infliximab; Certo: Certolizumab pegol; GOL: Golimumab; TNF: Tumor necrosis factor; mTNF: Membrane-bound TNF; sTNF: Soluble TNF; PBMCs: Peripheral blood mononuclear cells; ADCC: Antibody-dependent cellular cytotoxicity.

ANTIBODY-DEPENDENT CELLULAR CYTOTOXICITY AND COMPLEMENT-DEPENDENT CYTOTOXICITY
==============================================================================

Antibody-dependent cellular cytotoxicity (ADCC) is a mechanism of the adapted immune system in order to kill antibody-tagged target cells, for example infected cells. Therefore, after binding of an antibody to its target cell, the Fc domain is recognized by the Fc receptor of effector immune cells, typically natural killer cells. The natural killer cell then releases cytotoxic proteins such as perforins and granzymes that subsequently results in lysis of the target cell. ADCC is a mechanism of action of anti-TNF antibodies that possess a Fc domain. A recent study indicated that ADCC measured as cell lysis of co-incubation of mTNF-expressing CHO cells and PBMCs could be induced by adalimumab in up to 76% of cells in contrast to a control isotype that caused ADCC in less than 5% of the cells\[[@B75]\]. In a comparative study, infliximab and adalimumab were shown to induce ADCC in a similar way and more potent as etanercept whereas certolizumab pegol did not show any effect due the fact that the later agent does not possess the Fc domain\[[@B50]\].

Apart from ADCC, binding of antibodies to a target cells can result in complement activation. The complement consists of several different proteins that act as a cascade which finally leads to the formation of a membrane attacking complex, inducing a pore within the cell and subsequent cell death. In a CDC assay, 10 μg/mL adalimumab were shown to induce 90.6% cell death in the presence of heat-inactivated human serum\[[@B75]\]. Comparing different agents, infliximab and adalimumab had the same capacity in inducing CDC-dependent cell death and were more effective than etanercept and as expected, certolizumab pegol did not show any effect\[[@B50]\], which was in accordance to other studies\[[@B41],[@B73]\]. Of note, CDC was induced in mTNF-transfected cells by adalimumab and infliximab, but not in activated human PBMCs\[[@B41]\], raising the question if cell lines over-expressing mTNF reflect the situation *in vivo*. In a functional study, affinity of infliximab and adalimumab to FcRγII and FcRγIII receptors was found to be low but significantly increased in the presence of exogenous TNF\[[@B76]\]. Similarly, both antibodies bound to the complement protein C1q in the presence of TNF. In both settings, etanercept binding was shown to be low. The more recently approved anti-TNF antibody golimumab induced both CDC and ADCC to a similar extent as infliximab and adalimumab\[[@B77]\].

Fc-mediated apoptosis has been shown to be most potently induced by infliximab and adalimumab. However, the fact that certolizumab pegol is effective in CD despite its incapacity to induce ADCC or CDC strongly suggests that Fc-mediated apoptosis by anti-TNF antibodies is not a central mechanism of action.

APOPTOSIS OF INFLAMMATORY IMMUNE CELLS
======================================

Apoptosis of inflammatory immune cells as consequence of anti-TNF treatment has been discussed as a major mechanism of action explaining the fast onset of therapeutic effects upon successful therapy. Thus, the induced cell death of monocytes/macrophages or T cells has been analyzed. Regarding monocytes, in a comparative study both adalimumab and infliximab induced apoptosis in cultured monocytes rapidly in a caspase-dependent way whereas etanercept did not\[[@B53]\]. In addition, apoptosis induction *via* transmembrane TNF in a human monocytic cell line by adalimumab and infliximab could be detected in a chimeric mouse model and furthermore, apoptosis could be abrogated by *in vivo* treatment with a pan-caspase inhibitor, indicating a caspase-dependent mechanism of action\[[@B78]\]. Infliximab-induced apoptosis of monocytes required the activation of members of the caspase-family, such as caspase-8, -9 and -3 in peripheral blood monocytes derived from CD patients\[[@B79]\]. Activation of caspase was induced independently from the CD95/CD95L signaling pathway by release of mitochondrial cytochrome C, apparently triggered by Bax and Bak\[[@B79]\].

The effect of anti-TNF agents on lymphocytes was studied by Van den Brande et al\[[@B43]\]. They could show that etanercept, which is ineffective in the treatment of CD, in contrast to infliximab was incapable of inducing apoptosis in peripheral blood lymphocytes from healthy controls and lamina propria T cells from CD patients. Here, infliximab rapidly activated caspase 3 which possibly can also be a consequence of reverse signaling. Later the same authors demonstrated that this was also relevant *in vivo*. A rapid increase of apoptosis was detected in experimental colitis and importantly, also in CD patients where infliximab mediated apoptosis occurred within 24 h after starting the therapy\[[@B80]\]. In this *in vivo* molecular imaging study, patients underwent single-photon emission computer tomography (SPECT) 24 h after infliximab infusion, and apoptosis was measured by radiolabeled annexinV uptake using scintigraphic imaging. A strong correlation of detected apoptosis signals and diseased regions was observed and furthermore, annexinV uptake was significantly higher in patients subsequently responding to infliximab therapy. In addition, in some patients LPMCs from biopsies were isolated and a marked increase in apoptosis of CD4 T cells after infliximab treatment was observed\[[@B80]\]. Another study analyzing apoptotic markers such as Bcl-2, Bax, Caspase3 and Fas in biopsies from CD patients before and after infliximab/adalimumab therapy showed that in LPMCs, a significant increase of active Caspase-3 and an increase in the pro-apoptotic Bax/Bcl-2 ratio could be detected upon anti-TNF therapy, but no change of TNFR1 or Fas expression could be measured\[[@B81]\].

In recent studies of our group, another mechanism of action apart from direct induction of apoptosis by clinically effective anti-TNF antibodies was identified. We showed that T cell apoptosis was only induced if mucosal T cells expressing TNFR2 were co-cultivated with mTNF-expressing CD14+ macrophages\[[@B24]\]. Binding of mTNF to TNFR2 on T cells resulted in activation of TNFR-2 dependent signaling pathways leading to TRAF2 and NF-κB induction followed by heightened IL-6 production, and subsequently resulting in T cell resistance to apoptosis, which leads to perpetuation of intestinal inflammation. This concept proposes an indirect apoptosis induction by neutralizing the mTNF binding side for TNFR2 by anti-TNF antibody treatment, resulting in apoptosis of TNFR2 expressing T cells\[[@B24]\].

PREDICTION OF CLINICAL RESPONSE
===============================

Given that approximately 30% of the patients fail to respond to anti-TNF therapy (primary non-responders), and up to 50% lose the response during therapy (secondary non-responders)\[[@B82]\], there is a clinical need for biomarkers allowing prediction of clinical response. Expression of biomarkers in blood or intestinal biopsies has been investigated in this regard. Table [4](#T4){ref-type="table"} presents a selection of so far collected data regarding possible predictors of response to anti-TNF therapy in IBD. A study using intestinal biopsies of patients with CD responding and non-responding to anti-TNF therapy revealed that modulation of TNF-dependent genes has also been observed in non-responsive patients, indicating biological activity of anti-TNF independently of clinical response\[[@B54]\]. On the other hand, in this study IL1B and IL17A remained altered in non-responders, suggesting these cytokines as relevant targets in this subgroup of patients\[[@B54]\]. A database search validated possible biomarkers in gene expression in patients with IBD under infliximab therapy. Of interest, datasets of PBMCs and biopsies were not comparable. Regarding intestinal biopsies, the genes *IL13RA2*, *PTGS2* and *WNT5A* were shown to possibly predict the responsiveness to infliximab in IBD\[[@B16]\].

###### 

Prediction of response to anti-tumor necrosis factor therapy - possible biomarkers

  **Material/method**                             **Predictor for response**             **Disease**   **Ref**.
  ----------------------------------------------- -------------------------------------- ------------- ----------
  Intestinal biopsies                             IL1B (upregulated in non-responders)   CD            \[54\]
  IL17A (upregulated in non-responders)                                                                
  Intestinal biopsies                             IL13RA2                                CD and UC     \[16\]
  PTGS2                                                                                                
  WNT5A                                                                                                
  Blood                                           high CAI                               UC            \[17\]
  negative ANCA                                                                                        
  IL23R                                                                                                
  Blood                                           High API                               CD            \[83\]
  Blood                                           C-reactive protein                     CD and UC     \[84\]
  Intestinal biopsies                             TNFRSF11B (osteoprotegerin)            UC            \[85\]
  STC1 (stanniocalcin-1)                                                                               
  PTGS2 (prostaglandin-endoperoxide synthase 2)                                                        
  IL13Ralpha2 (IL13R alpha 2)                                                                          
  IL11 (IL-11)                                                                                         
  SPECT                                           High apoptosis rate                    CD            \[80\]
  Endoscopic molecular imaging                    High mucosal mTNF expression in vivo   CD            \[18\]

CD: Crohn's disease; UC: Ulcerative colitis; SPECT: Single-photon emission computer tomography.

Another study investigating UC patients before and after therapy with infliximab identified a high CAI, a negative antineutrophil cytoplasmatic autoantibody status and the IL23R genotype as predictors of response to therapy\[[@B17]\]. As apoptosis is a central mechanism of action of anti-TNF antibodies, a predictive model based on an apoptotic pharmacological index (API) has been proposed in another study. Herein, response rates of infliximab in CD patients have been investigated in regard to polymorphisms of apoptosis genes (FAS ligand -843C/T; Fas -670G/A; Caspase-9 93 C/T). Patients with an low API had the lowest response whereas patients with an high API displayed high response and remission rates\[[@B83]\]. In addition, high C-reactive protein levels have been described as predictors for response to anti-TNF therapy\[[@B84]\]. Gene array analyses of biopsies from UC patients taken before anti-TNF treatment identified mainly five differentially expressed genes involved in adaptive immunity (osteoprotegerin, stanniocalcin-1, prostaglandin-endoperoxide synthase 2, IL13R alpha 2 and IL-11) in patients later responding to infliximab as compared to patients that did not\[[@B85]\]. However, these promising biomarkers will have to be validated in larger cohorts of patients to verify if they serve as reliable markers for prediction of therapy in the clinic.

Another approach for prediction of response is based on biomarkers derived from the molecular mechanism of action of anti-TNF antibodies and transition into corresponding *in vivo* molecular imaging modalities. As described earlier, apoptosis induction by infliximab was determined by SPECT imaging and detected a significantly higher apoptosis rate in patients later responding to infliximab\[[@B80]\]. The visualization of mTNF expressing cells by molecular imaging was the fundament of another recently published clinical trial. Based on the previous finding that the interaction of mTNF expressing cells and TNFR2 expressing T cells is targeted by anti-TNF antibodies\[[@B24]\], it was possible to predict clinical response to subsequent anti-TNF therapy using GMP-conform fluorescent anti-TNF antibodies during endoscopy. Here, prior to initiation of anti-TNF therapy, fluorescent anti-TNF antibodies were topically applied *in vivo* to the inflamed mucosa in 25 CD patients and the number of mTNF positive mucosal cells were localized with molecular imaging using a confocal laser endomicroscope. It could be demonstrated that CD patients with high amounts of mTNF+ cells showed significantly higher response rates at week 12 (92%) upon subsequent anti-TNF therapy as compared to patients with low amounts of mTNF+ cells (15%). Clinical response was defined as the reduction of the Crohn's Disease Activity Index \> 100 points at week 12 after the initiation of the anti-TNF therapy. A high number of mTNF positive cells also predicted sustained clinical response at week 52, decreased steroid use and high mucosal healing rates\[[@B18]\]. These findings represent a first step towards individualized medicine, making it possible to determine the most suitable biological therapy based on molecular level analysis thereby circumventing ineffective antibody therapy in IBD patients.

DISCUSSION AND FUTURE RESEARCH DIRECTIONS
=========================================

Given the complexity of TNF signaling, the identification of the mechanism of action of anti-TNF therapy remains challenging. In this review, several aspects of potential targets for anti-TNF antibodies have been discussed. However, as reviewed here, contradictory results concerning the influence of anti-TNF antibodies on cells *in vivo* and *in vitro* have been reported, which possibly reflect the different experimental conditions used in each study. Furthermore, although infliximab, adalimumab, golimumab, certolizumab pegol and etanercept target the same epitope, fundamental differences in their mode-of-action *in vivo* have been demonstrated, beginning with the fact that etanercept is effective in the treatment of RA, but did not show therapeutic efficacy in the treatment of CD. However, in summary some conclusions can be drawn: First, as many IBD patients benefit from long-term remission induced by anti-TNF therapy, additionally to TNF neutralization fundamental biological changes must be induced, especially in those patients that can stop the medication due to stable remission. Second, it is unclear if Fc-dependent apoptosis such as ADCC and CDC by anti-TNF agents is relevant *in vivo* in IBD. Certolizumab pegol is incapable of inducing ADCC and CDC due to its structure but is successfully used for the treatment of CD. Third, direct and indirect apoptosis induction of anti-TNF agents and the modulation of the immune system possibly might be connected. For example, apoptosis induction could possibly directly influence the mucosal cytokine production\[[@B53]\]. Fourth, the effects of anti-TNF agents apparently are dependent on the cell type; in some studies no detection of apoptosis induction in peripheral blood T cells could be observed, while induction of apoptosis in mucosal T cells were described *in vitro* and *in vivo*. Lastly, several findings suggest binding of anti-TNF antibodies to mTNF rather than binding to sTNF is critical in IBD. In order to improve the response rates of anti-TNF antibody treatment, beside pharmacokinetic reasons, it is mandatory to better understand the mechanism of action of these agents and unravel the key signaling pathways involved. First clinical studies using *in vivo* imaging are opening the field for individualized therapeutic approaches in the treatment of IBD.
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